Abstract Aims/hypothesis: Troglitazone was the first thiazolidinedione (TZD) approved for clinical use, exerting hypoglycaemic effects related to its action as a ligand of the peroxisome proliferator-activated receptor γ receptor in adipocytes. However, emerging evidence suggests that mitochondrial function may be affected by troglitazone, and that skeletal muscle cells acutely respond to troglitazone by enhancing glucose uptake. The aim of the present study was to determine the cellular mechanisms by which troglitazone acutely stimulates glucose utilisation in skeletal muscle cells. Methods: L6 cells overexpressing GLUT4myc were incubated with troglitazone. Glucose uptake, transport and phosphorylation as well as AMP-activated protein kinase (AMPK) signalling and insulin signalling were examined. Changes in mitochondrial membrane potential were measured using the J-aggregate-forming dye JC-1. AMPK signalling was interfered with using AMPK α1/α2 siRNA. Results: Troglitazone acutely (in 10 min) reduced the mitochondrial membrane potential in L6GLUT4myc myotubes and robustly stimulated AMPK activity. Following 30 min of incubation with troglitazone or insulin, 2-deoxyglucose uptake was stimulated 1.5-and 2.1-fold respectively, and in cells treated with troglitazone, a 1.8-fold increase in the 2-deoxyglucose-6-phosphate:2-deoxyglucose ratio was observed. Moreover, contrary to insulin, troglitazone did not significantly stimulate 3-O-methylglucose uptake. Unlike insulin, troglitazone did not increase surface GLUT4myc content and did not increase IRS1-associated phosphatidylinositol 3-kinase activity or Akt phosphorylation on T308 and S473. Interestingly, interfering with troglitazone-induced activation of AMPK by decreasing the expression of the enzyme using siRNA inhibited the stimulation of 2-deoxyglucose uptake by the TZD. Conclusions/interpretation: We propose that troglitazone acutely increases glucose flux in muscle via an AMPK-mediated increase in glucose phosphorylation.
Introduction
The hypoglycaemic effect of thiazolidinediones (TZDs) involves activation of peroxisome proliferator-activated receptor γ (PPARγ), a nuclear receptor and transcription factor important for adipocyte differentiation and lipid metabolism [1, 2] . The beneficial metabolic effects of these drugs occur largely through the enhanced storage of lipids in adipose tissue, lowering NEFA availability to non-adi-pose tissues such as liver, skeletal muscle and beta cells. However, lipoatrophic (fatless) mice treated with TZDs exhibit improved insulin sensitivity in peripheral tissues [3, 4] . This observation suggests that non-adipocyte targets for TZDs exist and that they participate in its metabolic effects. Consistent with this possibility, several studies also suggest a direct effect of TZDs on insulin sensitivity and glucose uptake in muscle cells, even though PPARγ expression in skeletal muscle is low [5, 6] . Recently, the role of muscle PPARγ in the improvement of muscle glucose homeostasis by TZDs was explored using mice with muscle-specific PPARγ gene deletion. Intriguingly, one study revealed that the action of TZDs does not rely on PPARγ expression in this tissue [7] , whereas another suggested that PPARγ expression in muscle is relevant [8] . Thus, the mechanism by which TZDs affect muscle glucose metabolism remains elusive.
Troglitazone (also known as CS-045) was the first TZD approved for clinical use. Unfortunately, troglitazone had rare but serious side effects causing subacute irreversible liver injury and failure [9] and was recently removed from the market [10] . In studies geared to uncover the cause of the hepatotoxicity using human or rat hepatocyte cell lines, several mitochondrial abnormalities were observed including the collapse of the mitochondrial membrane potential [11, 12] . In those studies, the effect of troglitazone on mitochondrial membrane potential was rapid (within an hour) and occurred at concentrations approximating those considered therapeutically active. Therefore, in hepatocytes, troglitazone may be a constant threat to the production of cellular ATP through oxidative metabolism.
Past studies from our laboratory have demonstrated a link between reduced mitochondrial ATP production, such as during hypoxia or after exposure to dinitrophenol and rotenone, and the stimulation of glucose uptake in L6 muscle cells in culture [13, 14] . Others have demonstrated that lowering ATP levels in the clone 9 liver cell line through exposure to sodium azide also causes a rapid stimulation of glucose uptake [15] . All of these perturbations affect mitochondrial oxidative metabolism, transiently lowering cellular levels of ATP and placing a greater demand on glycolysis to supply essential levels of ATP to maintain cellular viability. The stimulation of glucose uptake would supply substrate for this increased demand on glycolysis. Troglitazone rapidly (in 30 min) stimulates 2-deoxyglucose uptake into muscle cells [16] , and hence we were intrigued by a potential connection between stimulation of glucose uptake by troglitazone and its effect on mitochondrial function.
Recent attention has been given to the potential role of AMP-activated protein kinase (AMPK) in the stimulation of glucose uptake in skeletal muscle during hypoxia or exercise [17] [18] [19] [20] . AMPK is a cellular energy charge sensor that becomes activated in conditions of high cellular AMP: ATP ratio (e.g. low ATP) through its interaction with AMP and activation by upstream AMPK-kinase(s), such as the recently characterised LKB1 [21] [22] [23] . AMPK is a heterotrimeric kinase with α, β, and γ subunits. The α subunit has catalytic activity that is regulated by AMPK-kinase-mediated phosphorylation of Thr172 on its activation loop and by interaction with the AMP-bound γ subunit [24] . Once activated, AMPK may enhance mitochondrial ATP production largely by stimulating fatty acid oxidation through phosphorylation and inactivation of acetyl-CoA carboxylase (ACC) [24, 25] . In addition, AMPK activation may participate in the stimulation of glucose uptake in skeletal muscle in response to a number of stimuli expected to reduce cellular levels of ATP or phosphocreatine [26] [27] [28] .
The present study explores the link between the acute effects of troglitazone on mitochondrial membrane potential, AMPK activity, and the stimulation of glucose uptake in muscle cells. We show that troglitazone rapidly depolarises mitochondrial membrane potential and increases glucose flux in cultured L6 muscle cells. The latter response requires input from AMPK, presumably activated by the mitochondrial depolarisation.
Materials and methods
Materials Troglitazone was a gift from H. Camp (Pfizer, Ann Arbor, MI, USA). Human insulin (Humulin R) was obtained from Eli Lilly Canada (Toronto, ON, Canada). Dinitrophenol (DNP), sodium azide (NaN 3 ), cytochalasin B, and wortmannin were obtained from Sigma Chemical (St. Louis, MO, USA). Monoclonal antibody (9E10) to the myc-epitope was from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and anti-IRS-1 antibody was from Upstate Biotechnology (Lake Placid, NY, USA). Anti-AMPKα1/ α2, anti-phosphoT172-AMPKα, anti-phosphoS79-ACC, and anti-phosphoS473-and phosphorT308-Akt antibodies were obtained from Cell Signalling (Beverly, MA, USA). Anti-AMPKα antibody used for immunoprecipitation and AMPK activity assay [29] was a kind gift from N. Ruderman (Boston University Medical Center, Boston, MA, USA). Anti-AMPKα1 was raised to the peptide CDFYLATSP PDSFLDDHHLTR; anti-AMPKα2 was a gift from L. Goodyear (Joslin Diabetes Center, Boston, MA, USA). JC-1 was purchased from Molecular Probes (Eugene, OR, USA). siRNA oligonucleotides were purchased from Dharmacon (Lafayette, CO, USA). Cell culture and troglitazone treatment L6GLUT4myc myoblasts were differentiated into myotubes by growing them in α-MEM supplemented with 2% fetal bovine serum as described previously [30] . At a seeding density of 2× 10 4 cells/ml (1 and 2 ml per well in 24-or 12-well plates, respectively) L6 cells fully differentiate into myotubes by day 7. Myotubes were deprived of serum for 3 h prior to all experimental manipulations. Troglitazone was prepared in DMSO as a 5-mg/ml stock solution, and diluted in α-MEM before application to the cells. DMSO was added to control cells in all experiments to obtain the same final DMSO concentration as in troglitazone-treated conditions. Assessment of mitochondrial membrane potential (Δψ) using the fluorescent indicator JC-1 JC-1 (5,5′,6,6′-tetracholoro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide) is a positively charged fluorescent compound which is taken up by mitochondria proportionally to the inner mitochondrial membrane potential [31] . When a critical concentration is reached, JC-1 monomers form J-aggregates, altering the fluorescence properties of the compound. Thus, the ratio of red (J-aggregate)/green (monomeric JC-1) emission is directly proportional to the mitochondrial membrane potential (Δψ). To assess the effect of troglitazone on Δψ, L6GLUT4myc myotubes were grown on glass coverslips. Following serum deprivation, cells were rinsed and incubated in Krebs-Ringer phosphate HEPES (KRPH) buffer (to which 5 mmol/l glucose were added), containing 1 μg/ ml JC-1 for 20 min at 37°C. Coverslips were then rinsed five times with KRPH and analysed by live-cell confocal microscopy (Zeiss LSM 510 laser scanning confocal microscope) during which coverslips were maintained at 37°C using a specimen stage heater. To view J-aggregates, excitation and emission were recorded at 543/>560 nm; for monomeric JC-1 they were recorded at 488/505-530 nm. A pseudocolour value was assigned to the acquisition of the red/green ratio and exported to NIH Image-J software. For each coverslip, three images of each condition were analysed, and the intensity of the red/green fluorescence ratio signal from 20 mitochondria in each image was determined.
Detection of Akt, AMPK and ACC phosphorylation L6GLUT4myc myotubes grown in six-well plates were incubated with either 5 μg/ml troglitazone or 100 nmol/l insulin for 10 min. The cells were lysed with 300 μl of 2× Laemmli sample buffer supplemented with 1 mmol/l DTT, 1 mmol/l Na 3 VO 4 , 100 nmol/l okadaic acid, protease inhibitors (1 mmol/l benzamidine, 10 μmol/l E-64, 1 μmol/l leupeptin, 1 μmol/l pepstatin A, 0.2 mmol/l PMSF) and 7.5% β-mercaptoethanol. The lysates were transferred to Eppendorf tubes, vortexed for 1 min, passed five times through a 25-gauge syringe and heated for 15 min at 65°C. Samples were centrifuged for 5 min (10,000 g) then 40 μl (50 μg protein) of the supernatant were resolved by 10% SDS-PAGE, electrotransferred onto PVDF membranes and immunoblotted for phosphoT308-Akt (1:1,000 dilution), phosphoS473-Akt (1:1,000), phosphoS79-ACC (1:1,000), phosphoT172-AMPKα (1:750), or total AMPKα (1:1, 000).
In vitro PI 3-kinase and AMPK activity assay Phosphatidylinositol (PI) 3-kinase activity associated with IRS-1 immunoprecipitates was measured using phosphatidylinositol and 32 P-ATP as substrates [32] . AMPK activity was measured after immunoprecipitation using recombinant SAMS peptide and 32 P-ATP, as described earlier [33] .
Determination of 2-deoxy-3 H-D-glucose and 3-O-methyl-3 H-D-glucose uptake 2-Deoxyglucose uptake was measured as described earlier [34] . Briefly, after 30 min of stimulation with insulin or troglitazone, cells were washed three times with HBS buffer (140 mmol/l NaCl, 20 mmol/l HEPES pH 7.4, 5 mmol/l KCl, 2.5 mmol/l MgSO 4 , 1 mmol/ l CaCl 2 ). 2-Deoxyglucose uptake was measured for 5 min at room temperature by incubating cells with HBS containing 10 μmol/l 2-deoxyglucose, 37 kBq/ml, and the reaction was stopped by three washes with ice-cold 0.9% NaCl (w/v). A similar protocol was used for 3-O-methylglucose uptake, with the following exceptions: 3-O-methylglucose uptake was measured for 30 s using HBS supplemented with 10 μmol/l 3-O-methylglucose, 185 kBq/ml, and the reaction was stopped by adding ice-cold 0.9% NaCl (w/v) supplemented with 20 μmol/l cytochalasin B and 2 mmol/l HgCl 2 .
Separation of 2-deoxyglucose and 2-deoxyglucose-6-phosphate Separation of cell-associated 2-deoxyglucose from 2-deoxyglucose-6-phosphate (2-DGP) was performed as previously described [35] . Briefly, 2-deoxyglucose uptake was measured as described above but with 111 kBq/ml of 3 H-2-deoxyglucose, and the reaction was stopped on ice using ice-cold saline supplemented with 20 μmol/l cytochalasin B and 2 mmol/l HgCl 2 . Cells (one well of a six-well plate per condition) were extracted overnight in 50% ethanol at 4°C and then scraped, collected and centrifuged for 15 min at 10,000 g. The supernatant was loaded onto small columns containing DEAE-Sepharose (0.5 ml bed volume), prepared following the manufacturer's instructions. The flow-through was reloaded twice to ensure maximal binding of 2-DGP to the DEAE-Sepharose. Free 2-deoxyglucose was recovered in the final flow-through and in the following three 2-ml washes with 50 mmol/l glucose solution in water. In separate experiments, recovery in these fractions was more than 96% of the counts when only free 2-deoxyglucose was loaded (results not shown). Elution of 2-DGP was done by three 2-ml washes with 200 mmol/l HCl (more than 99% of the counts of this fraction were recovered in the first fraction). The counts obtained after addition of 20 μmol/l cytochalasin B to the transport solution were subtracted from their respective fractions, to account for transport-independent cell-associated radioactivity.
Immunodetection of cell surface GLUT4myc or GLUT1myc
Detection of surface GLUT4myc or GLUT1myc was performed on intact myotubes as previously described [30] . Briefly, L6-GLUT4myc myotubes or L6-GLUT1myc myotubes grown in 24-well tissue culture plates were treated with vehicle (0.1% DMSO), troglitazone (5 μg/ml) or insulin (100 nmol/l) for 30 min. Cells were then placed on ice, rinsed twice with ice-cold PBS, blocked with 5% goat serum in PBS for 15 min, and reacted with the anti-myc antibody 9E10 (2 μg/ml in PBS containing 3% goat serum) at 4°C for 1 h. After four washes with ice-cold PBS, cells were fixed with 3% (v/v) paraformaldehyde in PBS at 4°C for 10 min, followed by quenching with 100 mmol/l glycine in PBS for 10 min and incubation with secondary antibody (HRP-conjugated donkey anti-mouse IgG, 1:1,000 in PBS containing 3% goat serum) at 4°C for 1 h. Cell plates were washed six times with PBS, then 1 ml/well of 0.4-mg/ml OPD reagent (HRP substrate) was added at room temperature for 20-30 min. The reaction was stopped by adding 0.25 ml of 3 NH 4 Cl, and the optical absorbance was measured at 492 nm. Background absorbance values were obtained in all experiments in several untreated cell wells by omitting the primary (anti-myc) antibody incubation period during the assay. Absorbance values in these wells were subtracted from the value achieved with anti-myc.
Detection of AMPKα1 and α2 isoforms L6GLUT4myc cells were scraped from one 10-cm dish in PBS, collected, and centrifuged for 15 min at 10,000 g. The supernatant was removed and the pellet quickly frozen in liquid nitrogen for storage. For Western blotting, the pellets were lysed in a 1% (v/v) triton-X100 buffer (Tris-Cl 20 mmol/l, NaCl 50 mmol/l, NaF 50 mmol/l, NaPPi 5 mmol/l) and sucrose 250 mmol/l (containing protease inhibitors and DTT) for 15 min on ice and centrifuged for 10 min at 4°C. The supernatant was removed to a new tube and highsucrose quench (HSQ; containing bromphenol blue, DTT and SDS in 50% sucrose) was added at a ratio of 1:4 (HSQ/ lysate). Eighteen micrograms of protein were resolved by 10% SDS-PAGE then electrotransferred onto PVDF membranes and immunoblotted for AMPKα1 or α2.
Design of siRNA and transfection of myotubes Three siRNA sequences for each of the two α isoforms of rat AMPK were screened for their capacity to decrease total AMPKα protein levels in L6 myotubes. The highest efficiency of gene silencing was achieved with the following sequences derived from the α1 and α2, respectively: GCA UAU GCU GCA GGU AGA UdTdT (nucleotides 738-756, accession number NM019142) and CGU CAU UGA UGA UGA GGC UdTdT (nucleotides 865-883, accession number NM023991). The combination of both siRNAs proved to be most effective in reducing AMPKα1/α2 expression, suggesting that both subunits are expressed in L6 cells. An unrelated siRNA purchased from Dharmacon (catalogue no. D-001206-10) was used as the control in all experiments. The transfection protocol was optimised in preliminary experiments using fluorophore-conjugated siRNA, which revealed high (>90%) transfection efficiency (results not shown). In all experiments confluent monolayers of L6 cells (seeded and grown as described in the cell culture section) were transfected 5 days after seeding. siRNA (200 nmol/l of each oligonucleotide sequence) was suspended in serum-and antibiotic-free media, prepared for transfection with Oligofectamine (Invitrogen, Carlsbad, CA, USA), following the instructions of the manufacturer, and applied on the cells for 3-4 h. The serum concentration was then adjusted to 2% by adding a half volume of antibiotic-free medium supplemented with 6% serum and incubated an additional 20 h. Afterwards, one volume of media supplemented with antibiotics and 2% serum was added to the cells for an additional 24 h. Therefore, the siRNA nucleotides remained on the cells for 48 h. Importantly, fusion of myoblasts into myotubes was normal under all treatment conditions and protein recovery in the siRNAtreated cells was unaffected. Before experimentation, cells were serum starved for 3 h before being used to prepare cell lysates (from 12-well plates) or for 2-deoxyglucose uptake (in 24-well plates).
Statistical analysis Statistical analysis was performed using either ANOVA (Fisher's multiple comparisons test) or paired Student's t-test. A p value of less than 0.05 was considered significant as indicated.
Results
Acute mitochondrial membrane depolarisation by troglitazone in muscle cells The mitochondrial membrane potential was assessed using the dye JC-1, a lipophilic fluorophore that forms J-aggregates in proportion to its intramitochondrial concentration, dictated by the mitochondrial membrane potential. L6GLUT4myc myotubes were preincubated for 20 min with 1 μg/ml JC-1, rinsed thoroughly and treated with 5 μg/ml (11 μmol/l) troglitazone for 10 min. Figure 1 presents typical images of the JC-1 fluorescence. The top row in each grouping shows merged images of the red and green signal of the dye. The bottom row in each grouping represents the ratio of red/green fluorescence, corresponding to JC-1 in J-aggregate vs monomeric form. The results obtained clearly show that 10 min of incubation with troglitazone reduced JC-1 dye accumulation and decreased J-aggregate formation in the mitochondria of L6GLUT4-myc myotubes, consistent with mitochondrial membrane depolarisation. In fact, following treatment with troglitazone, the number of mitochondria still exhibiting a discernable red/green ratio signal was markedly decreased. A similar effect was observed when cells were incubated for 10 min with either 10 mmol/l sodium azide or 0.5 mmol/l DNP. These findings suggest that both inhibition of the mitochondrial electron transport chain (with NaN 3 ) and mitochondrial membrane uncoupling (with DNP) cause mitochondrial membrane depolarisation, consistent with a previous report [36] . In contrast, insulin stimulation (100 nmol/l, 10 min) did not cause mitochondrial membrane depolarisation.
Troglitazone acutely activates AMPK in muscle cells
Maintaining mitochondrial membrane potential is required for ATP production [37] [38] [39] . By depolarising mitochondria, troglitazone may have provoked a rise in the cellular AMP/ ATP ratio. This is likely, since both rosiglitazone and pioglitazone elevate AMP levels and activate AMPK in H-2K b muscle cells and rat liver [40, 41] . Consistent with this possibility, incubation of L6GLUT4myc myotubes with troglitazone for 5 or 10 min significantly increased AMPK activity measured by an in vitro kinase activity assay using SAMS peptide as a substrate (Fig. 2a) . A similar level of AMPK activation was observed with 0.5 mmol/l DNP (Fig. 2a) , a mitochondrial uncoupler previously shown to activate AMPK [27, 33] . Like DNP, troglitazone also in-creased AMPKα phosphorylation on T172 (Fig. 2b) as well as the phosphorylation on S79 of ACC, a substrate of AMPK (Fig. 2c) . Hence, troglitazone rapidly activated AMPK in muscle cells, consistent with the physiological response to an acute increase in the cellular AMP:ATP ratio.
Troglitazone acutely stimulates glucose phosphorylation Several observations implicate AMPK in the stimulation of glucose uptake and utilisation by skeletal muscle induced by contraction, hypoxia or exercise [27, 42, 43] . To assess whether troglitazone-stimulated AMPK activity in L6GLUT4myc muscle cells is associated with a similar physiological outcome, we measured the effect of troglitazone treatment on 2-deoxyglucose uptake. L6GLUT4myc myotubes incubated for 30 min with 5 μg/ml troglitazone displayed a significant increase in 2-deoxyglucose accumulation measured in the 5 min subsequent to treatment with the drug (Fig. 3a) . Similar results were obtained with wild-type L6 myotubes (data not shown). Whereas 2-deoxyglucose accumulation provides a composite measure of transport through glucose transporters and phosphorylation of this glucose analogue by hexokinase, 3-O-methylglucose uptake reflects only the transport step since this glucose analogue cannot be phosphorylated by hexokinase. Intriguingly, troglitazone had no significant effect on 3-Omethylglucose transport (Fig. 3b) . In contrast, insulin stim- Fig. 1 Troglitazone depolarises mitochondrial membranes. L6GLUT4 myc myotubes grown on glass coverslips were serum starved for 3 h and then preincubated for 20 min with 1 μg/ml JC-1. After rinsing, cells were subjected to live-cell confocal microscopy as described in Materials and methods. After acquisition of the basal image, 5 μg/ml (11 μmol/l) troglitazone, 100 nmol/l insulin, 0.1% DMSO, 10 mmol/l sodium azide (NaN 3 ) or 0.5 mmol/l DNP were added.
Images were taken before and 10 min after addition of the different compounds as indicated. Shown are representative confocal images for each condition. The upper panel shows a merged image of the red and green fluorescence indicating the J-aggregate and monomeric forms of the JC-1 dye respectively. The lower panel shows the composite ratio of the red/green fluorescence intensity, presented here in grey scale ulated 3-O-methylglucose and 2-deoxyglucose uptake to a similar degree (Fig. 3b) . Consistent with this minimal increase in the rate of glucose transport, troglitazone did not significantly increase the abundance of GLUT4myc at the cell surface. In contrast, and as expected, insulin stimulation induced a two-fold increase in surface GLUT4myc (Fig. 3c) . To examine a possible contribution of GLUT1 translocation to the effect of troglitazone, we determined cell surface myc exposure in L6GLUT1myc myotubes, a cell line that stably overexpresses GLUT1 bearing an extracellular myc-epitope. As shown in Fig. 3d , troglitazone did not increase cell surface GLUT1myc significantly, yet it caused an increase in 2-deoxyglucose accumulation of 1.9 ±0.1-fold (p<0.001; data not shown). Hence, troglitazone can acutely stimulate 2-deoxyglucose uptake without a parallel increase in the abundance of GLUT1 or GLUT4 in the plasma membrane, and without enhancing glucose transport through GLUTs (as detected with 3-O-methylglucose).
To verify that troglitazone increased 2-deoxyglucose accumulation primarily by enhancing hexose phosphorylation, we determined the ratio of free 2-deoxyglucose/2-DGP. The 2-deoxyglucose uptake assay was performed as before, with the exception of preventing efflux of free 2-deoxyglucose at the end of the assay using cytochalasin B and HgCl 2 . Cells were then extracted and subjected to anion exchange chromatography. While troglitazone only marginally increased free 2-deoxyglucose in the cells (Fig. 4a) , it increased 2-DGP more than two-fold (Fig. 4b ). In contrast, insulin similarly increased 2-deoxyglucose and 2-DGP in the cells to the same extent. This finding suggests that the discrepancy between the effects of troglitazone on 2-deoxyglucose and on 3-O-methylglucose uptake (Fig. 3a and  b, respectively) , cannot be attributed to differences in the K m for uptake of each glucose analogue. This is consistent with reports demonstrating that the K m of 2-deoxyglucose and 3-O-methylglucose for GLUT4 are essentially identical when GLUT4 is expressed in Xenopus oocytes [44] [45] [46] .
Acute regulation of hexokinase is largely achieved by allosteric modulation that cannot be discernible by enzyme activity assays in cell lysates, since the endogenous concentration of allosteric regulators is lost upon cell lysis. Thus, the ratio of 2-DGP/free 2-deoxyglucose (product and substrate of hexokinase, respectively) is frequently used as a measure of 'authentic' hexokinase activity in the cells. Consistent with troglitazone-induced increase in hexokinase flux, a 1.8±0.5-fold (p<0.05) increase in 2-DGP/free 2-deoxyglucose ratio was observed in cells treated with troglitazone (Fig. 4c) . Insulin also increased hexokinase flux, though its effect was smaller in magnitude than that of troglitazone. These data suggest that, in contrast to insulin, troglitazone largely increases 2-deoxyglucose accumulation by enhancing hexose phosphorylation, with a small contribution from enhanced hexose transport. In aggregate, the data presented so far demonstrate that troglitazone acutely reduces mitochondrial membrane potential, activates AMPK, and increases glucose utilisation by hexokinase.
Troglitazone-induced glucose flux does not involve activation of the PI 3-kinase-Akt/PKB signalling pathway Insulin stimulation of glucose uptake requires activation of a signalling pathway involving PI 3-kinase and Akt. In addition, Akt/protein kinase B (PKB) is involved in multiple conditions in which mitochondrial function is altered, presumably mediating an anti-apoptotic signal [47] . We therefore first assessed whether troglitazone activated the PI 3-kinase-Akt/PKB pathway by measuring association of PI 3-kinase with IRS1. As expected, insulin induced IRS1-associated PI 3-kinase activity, detected by an in vitro kinase assay. In contrast, troglitazone treatment had no significant effect vs vehicle-treated controls (Fig. 5a ). In addition, troglitazone did not increase phosphorylation of Akt/PKB on either T308 or S473, which occurred robustly following insulin stimulation (Fig. 5b) . The PI 3-kinase inhibitor wortmannin was used to further determine any possible contribution of PI 3-kinase to the troglitazone response of 2-deoxyglucose uptake. At 25 nmol/l, wortmannin had no significant effect on basal 2-deoxyglucose uptake. Treatment of the cells with 25 nmol/l wortmannin 20 min prior to and during incubation with troglitazone had no effect on the stimulation of 2-deoxyglucose uptake by troglitazone, while almost completely abolishing the effect of insulin (Fig. 5c) . Collectively, these results imply that insulin and troglitazone stimulate 2-deoxyglucose uptake AMPK activation by troglitazone is causatively linked to the stimulation of glucose flux To establish a causative role for AMPK in troglitazone-induced glucose utilisation, AMPKα protein content was lowered using an RNA silencing approach. Both α1 and α2 isoforms of AMPK are readily discernible in L6GLUT4myc myotubes using isoform-specific antibodies (Fig. 6a) . Therefore, a combination of two siRNA oligonucleotide sequences derived from the two isoforms of the α subunit were used. The AMPKα1/ α2-siRNA oligonucleotides reduced the total expression of the α subunits of AMPK by 55±6% (p<0.001, ANOVA) compared with transfection with equal concentration of an unrelated siRNA sequence (Fig. 6b, c) . This level of reduction in AMPKα protein content was associated with a 36±8% decrease (p<0.01, paired t-test vs unrelated siRNA) in troglitazone-mediated AMPKα phosphorylation on Thr172 (average of n=4 such as that illustrated in Fig. 6b, c) . To demonstrate the specificity of the AMPK siRNA action, insulin-stimulated Akt phosphorylation was determined under the same four conditions and was not affected by any of the treatments compared with untransfected controls (results not shown). Both unrelated siRNA and AMPKα1/ α2-siRNA induced a mild but reproducible increase in basal 2-deoxyglucose uptake. However, the net increase in 2-deoxyglucose uptake above basal in response to troglitazone was diminished by 57±8% in AMPKα1/α2-siRNA-transfected cells (p<0.05, paired t-test), while the net increase in response to insulin was not affected by AMPKα1/α2-siRNA (Fig. 6d) . Taken together, these findings demonstrate that AMPK has major input into the stimulation of glucose utilisation by troglitazone.
To explore whether the AMPKα1/α2-siRNA might have prevented the mitochondrial depolarisation caused by troglitazone, we measured the fluorescence ratio of the JC-1 dye in myotubes pretreated with the siRNA mixture. As seen in Fig. 7 , troglitazone caused its expected reduction in red:green fluorescence ratio and this action was not prevented upon reducing AMPK expression by 47%. Hence, the most likely series of events is that troglitazone rapidly causes mitochondrial depolarisation which in turn activates AMPK, and this activation increases hexose phosphorylation.
Discussion
There is strong evidence to suggest that adipose tissue PPARγ does not mediate the entire range of therapeutic and adverse effects attributed to TZDs [48] . Instead, these agents appear to target organs such as the liver and skeletal muscle, where they elicit metabolic and cytotoxic responses. Recent Fig. 3 Troglitazone acutely stimulates 2-deoxyglucose uptake without inducing 3-Omethylglucose uptake, or GLUT4 or GLUT1 translocation. a L6GLUT4myc myotubes were incubated for 30 min without or with insulin or with 5 μg/ml troglitazone. 2-Deoxyglucose was determined as described in Materials and methods. Results are the means± SE of five independent experiments. b After troglitazone or insulin stimulation, 3-Omethylglucose uptake was measured during a 30-s assay as described in Materials and methods. Results are the means± SE of five independent experiments. c, d Cells were treated as above, after which surface GLUT4myc content in L6GLUT4myc myotubes or surface GLUT1myc content in L6GLUT1myc myotubes was detected in nonpermeabilised cells as described in Materials and methods. Results are presented as fold over basal, and are the means±SE of three to five independent experiments. **p<0.01 and ***p<0.001 vs control. Co Control, Tro troglitazone reports have shown that TZDs affect mitochondrial function and lower ATP production in human hepatocytes and H-2K b muscle cells [11, 12, 40, 41] . Here, we extend these results by demonstrating that troglitazone induces acute mitochondrial membrane depolarisation, activates AMPK and accelerates glucose flux in muscle cells. Moreover, using specific siRNA, we directly implicate AMPK activation in mediating the stimulation of glucose flux by troglitazone.
Mitochondrial membrane depolarisation and acute activation of AMPK by troglitazone Mitochondrial membrane depolarisation is expected to lower cellular ATP levels, since mitochondrial energy production depends on the electrical and proton gradients across the inner mitochondrial membrane [37] . In principle, the troglitazone-induced mitochondrial membrane depolarisation ( Fig. 1 and [49] ) could arise either from an acute uncoupling of the respiratory chain from ATP synthase, or from inhibition of the electron transfer along the respiratory chain. Although the effect of troglitazone on the mitochondria was comparable in magnitude and time course to that induced by DNP (Fig. 1) , troglitazone is unlikely to act as an uncoupler since it acutely reduces CO 2 production from glucose or palmitate in isolated skeletal muscle [50] . Mitochondrial uncouplers accelerate, rather than inhibit, CO 2 production from these substrates. The possibility that troglitazone inhibits the ATP synthase (complex V) is also unlikely since the ATP synthase inhibitor oligomycin does not reduce mitochondrial membrane potential [49] . However, the capacity of TZDs to interact with a specific mitochondrial membrane protein has been recently demonstrated [51] . Therefore, we entertain the possibility that, like the complex IV inhibitor NaN 3 , troglitazone acutely interacts with components of the respiratory chain upstream of the ATP synthase, decreasing mitochondrial ATP production. This effect of troglitazone may be shared by other clinically relevant thiazolidinediones, since rosiglitazone and pioglitazone inhibit respiratory complex I and reduce oxygen consumption in skeletal muscle [52] and elevate AMP levels in H-2K b muscle cells and rat liver [40, 41] . Consequently, AMPK is activated via phosphorylation on T172 by an upstream AMPK kinase, potentially LKB-1, and by allosteric activation by the elevated AMP/ATP ratio and/or the creatine/ phosphocreatine ratio [21] [22] [23] 53] .
AMPK activation mediates troglitazone-stimulated hexose flux in muscle cells Physiological stimuli such as muscle contraction and manipulations such as hypoxia or inhibition of mitochondrial function elevate AMPK activity and glucose uptake. Likewise, the cell permeant AMPK activator, aminoimidazole carboxamide ribonucleotide (AICAR), in- Fig. 4 Troglitazone acutely stimulates 2-deoxyglucose phosphorylation. a, b L6GLUT4myc myotubes were treated for 30 min without or with insulin or with 5 μg/ml troglitazone, and levels of free 2-deoxyglucose (2-DG) (a) and 2-DGP (b) were determined as described in Materials and methods. Results are presented as fold over basal, and are the means±SE of four independent experiments. c The ratio of 2-DGP:2-DG for each condition was calculated. *p<0.05, **p<0.01 and ***p<0.001 vs control. Co Control, Tro troglitazone creases glucose uptake into skeletal muscle. However, the stimulation of AMPK cannot always be linked to a rise in glucose uptake. For example, hypoxia, contraction and AICAR activate AMPK, but expression of a dominantnegative mutant of AMPK (AMPKα K45R) has minor effects on glucose uptake induced by muscle contraction while fully preventing the stimulation of glucose uptake induced by hypoxia and AICAR [54] . Similarly, gene deletions of AMPK α1 or α2 subunits in mice are without effect on contraction-stimulated glucose uptake [19, 55] . In L6GLUT4myc cells, hyperosmolarity and DNP elevate AMPK and glucose uptake, yet calcium-dependent mechanisms including activation of protein kinase C mediate the majority of the increase in glucose uptake by these stimuli [33] . Hence, any stimulus that boosts both AMPK and glucose uptake has to be tested for the causal relationship between these parameters. In the present study, we used siRNA to interfere with AMPK activation in response to troglitazone. This approach significantly and selectively inhibited troglitazone-stimulated AMPK, and in parallel diminished the stimulation of glucose flux by the drug. These observations establish a causative role for AMPK in troglitazone-stimulated 2-deoxyglucose uptake in muscle cells.
Mechanism of increased hexose uptake by AMPK in muscle The cellular mechanism through which activated AMPK leads to increased 2-deoxyglucose uptake in response to various stimuli is unclear. The rise in muscle glucose uptake provoked by hypoxia is brought about by translocation of GLUT4 to the plasma membrane [56] . This response is curbed in muscles expressing a dominant-negative AMPKα K45R mutant transgene [54] , establishing that in response to hypoxia AMPK elicits GLUT4 mobilisation. In contrast to hypoxia, AICAR increases GLUT4 translocation only modestly compared with a much higher increase in glucose uptake [28, 57] . These findings raise the possibility that AMPK may regulate glucose transporter activity and/or glucose metabolism in addition to glucose transporter translocation.
Here, we show that the acute stimulation of 2-deoxyglucose uptake in response to troglitazone does not involve changes in surface GLUT4 or GLUT1 (Fig. 3 ). An alternative explanation is that troglitazone may stimulate the activity of GLUTs already present at the plasma membrane. AMPK has been implicated in glucose transporter activation, since AMPK increases the intrinsic activity of GLUT1 in clone 9 cells [58, 59] , 3T3-L1 preadipocytes and C2C12 myoblasts [60] . However, the stimulation of hexose uptake by troglitazone is unlikely to involve a major increase in glucose transport, since 3-O-methylglucose uptake was not elevated (Fig. 3b) and free 2-deoxyglucose was only marginally increased (Fig. 3a) . Instead, hexose phosphorylation appears to be the step enhanced by troglitazone, with an ensuing increase in the intracellular 2-DGP/free 2-deoxyglucose ratio (Fig. 4b, c) .
Is hexokinase activity affected by AMPK? AMPK activation can induce gene expression of hexokinase II, an isoform expressed in muscle [61] . However, given the short duration of troglitazone stimulation in the present study (30 min) it is unlikely that sufficient hexokinase II biosynthesis occurs in that time to mediate the stimulation of 2-DGP accumulation. More rapid regulation of hexokinase activity is achieved by allosteric mechanisms, most notably Troglitazone and insulin-mediated stimulation of 2-deoxyglucose occurs through distinct signalling and cellular mechanisms. a L6GLUT4myc myotubes were treated for 10 min with or without 5 μg/ml troglitazone or 100 nmol/l insulin. IRS-1-associated PI3-kinase activity was then determined using an in vitro kinase assay towards PI. Results are expressed in relative units and represent the means±SE of three independent experiments. **p<0.01 vs control. b Total cell lysates were prepared from L6GLUT4myc muscle cells that were treated with 5 μg/ml troglitazone or 100 nmol/l insulin for 10 min. Lysates (50 μg) were resolved by 10% SDS-PAGE and immunoblotted with anti-phosphoT308-or anti-phosphoS473-Akt antibody as indicated. Representative immunoblots of two independent experiments are shown. c Cells were incubated for 20 min with or without 25 nmol/l wortmannin prior to and during the stimulation with 5 μg/ml troglitazone or 100 nmol/l insulin for 30 min. 2-Deoxyglucose glucose uptake was determined over a 5-min period and the net effect of each condition over basal glucose uptake (control) is shown. Results are the means±SE of six independent experiments. ***p<0.001 vs insulin alone. Co Control, Tro troglitazone Fig. 6 Gene silencing of AMPK reduces troglitazone-mediated increase in 2-deoxyglucose uptake. L6GLUT4myc myotubes were transfected with oligofectamine (Oligo) only, unrelated siRNA, or a combination of two siRNAs sequences directed against the two α isoforms of AMPK (AMPKα1/α2-siRNA) for 48 h. a Expression of α1 and α2 isoforms of AMPK in L6 GLUT4myc myotubes. The isoform-specific α1 and α2 AMPK antibodies have been previously characterised [67] . Both antibodies recognise a protein band of approximately 63 M r . b L6GLUT4myc myotubes were incubated with or without 5 μg/ml troglitazone for 10 min. Lysates (50 μg) were resolved by 10% SDS-PAGE and immunoblotted with anti-AMPKα1/α2 antibody or anti-phosphoT172-AMPKα antibody. The upper panel shows one representative blot of AMPKα1/α2 in cell lysates from untreated controls for all four conditions. The lower panel shows one representative blot of phospho-AMPK levels in cell lysates from untreated controls and troglitazone-treated cells for all four conditions. c Immunoblots (i.b.) like those shown in b were scanned within the linear range and quantified using the computer software NIH Image. The quantified values (upper and lower panels) represent the means±SE of four experiments and are expressed relative to AMPK expression in myotubes transfected with unrelated siRNA (Scr), the latter being assigned a value of 100%. **p<0.01 and ***p<0.001 vs nontransfected myotubes. d Cells were stimulated with 5 μg/ml troglitazone or with 100 nmol/l insulin (Ins) for 30 min. 2-Deoxyglucose glucose uptake was determined over a 5-min period. Shown is the net increase in 2-deoxyglucose uptake above basal in response to each stimulus in myotubes transfected either with unrelated siRNA (open bars) or with AMPKα1/α2-siRNA (filled bars). Results are the means±SE of six independent experiments. *p<0.05. Co Control, Tro troglitazone product inhibition by glucose-6-phosphate. AMPK accelerates glycolytic flux by directly phosphorylating and activating phosphofructokinase 2 in cardiomyocytes, monocytes and astrocytes [62] [63] [64] . The ensuing increase in fructose-2,6-bisphosphate and the resulting allosteric stimulation of phosphofructokinase 1 increases the utilisation of glucose-6-phosphate, thus relieving an inhibitory allosteric input on hexokinase. However, it is generally thought that skeletal muscle expresses an isoform of phosphofructokinase 2 (PFK2) that cannot be regulated by AMPK. Interestingly, using RT-PCR we detected mRNA for the AMPK-regulatable cardiac and brain isoforms of PFK2 in skeletal muscle isolated from rat and mouse, as well as in L6 myotubes (Liu et al., unpublished observations).
We therefore hypothesise that troglitazone may relieve inhibition of hexokinase via input from AMPK during the 30 min of incubation. Indeed, we observed an increase in the 2-DGP/2-deoxyglucose ratio in the uptake assay following the incubation of cells with troglitazone (Fig. 4c) , suggesting that troglitazone increased hexokinase flux. This result is in agreement with previous studies suggesting that TZDs acutely accelerate glycolytic flux in muscle and astrocytes, resulting in heightened glucose consumption and lactate production [6, 64, 65] . With our current finding of mitochondria membrane depolarisation by troglitazone, these metabolic adaptations are consistent with the Pasteur effect, in which glycolytic energy production is enhanced to compensate for a deficiency in ATP derived from mitochondrial respiration.
In conclusion, muscle cells respond to the TZD troglitazone with acute mitochondrial membrane depolarisation and activation of AMPK. AMPK then mediates a troglitazone-induced increase in glucose flux, presumably relieving inhibition at the level of hexokinase. Future work should examine the molecular events underlying the regulation of glycolysis through AMPK in response to troglitazone, as well as in response to exercise, a condition in which glucose phosphorylation may become rate-limiting for glucose utilisation by skeletal muscle [66] .
What is the implication of the results presented here in our understanding of the therapeutic effects of troglitazone achieved through chronic drug administration? We hy- Fig. 7 Mitochondrial membrane depolarisation in response to troglitazone is independent of AMPK. L6GLUT4myc myotubes grown on glass coverslips were transfected with oligofectamine only, unrelated (Unr) siRNA, or combination of two siRNA sequences directed against the two alpha isoforms of AMPK (AMPKα1/α2-siRNA) for 48 h. The cells were then serum starved for 3 h, and preincubated for 20 min with 1 μg/ml JC-1. Following treatment with JC-1, the cells were rinsed and subjected to live-cell confocal microscopy as described in Materials and methods. Images were taken before and after treatment with 5 μg/ml (11 μmol/l) troglitazone for 10 min. The ratio of red/green fluorescence intensity was obtained during acquisition and is presented in gray scale. Shown in a are representative confocal images for each condition. b Quantitation of the red/green fluorescence ratio, expressed relative to that in control cells treated with unrelated siRNA. **p<0.01 vs basal-Unr siRNA pothesise that by challenging mitochondrial energy production, thiazolidinediones induce compensatory mechanisms yielding favourable metabolic effects. These would include the early increase in hexose flux described here, as well as the known effects on gene expression (e.g. on GLUT4, hexokinase II, etc.), on GLUT4 localisation in muscle and on mitochondrial biogenesis. It is also plausible that toxic side effects of thiazolidinediones may arise when the challenge on mitochondrial function exceeds the compensatory mechanisms. The overall benefit to the patient would clearly be the resultant of all of the diverse responses to the drugs.
